ABSTRACT: We demonstrate the formation of ionic metal chloride (CuCl) two-dimensional (2D) nanocrystals epitaxially templated on the surface of monolayer molybdenum disulfide (MoS 2 ). These 2D CuCl nanocrystals are single atomic planes from a nonlayered bulk CuCl structure. They are stabilized as a 2D monolayer on the surface of the MoS 2 through interactions with the uniform periodic surface of the MoS 2 . The heterostructure 2D system is studied at the atomic level using aberration-corrected transmission electron microscopy at 80 kV. Dynamics of discrete rotations of the CuCl nanocrystals are observed, maintaining two types of preferential alignments to the MoS 2 lattice, confirming that the strong interlayer interactions drive the stable CuCl structure. Strain maps are produced from displacement maps and used to track real-time variations of local atomic bonding and defect production. Density functional theory calculations interpret the formation of two types of energetically advantageous commensurate superlattices via strong chemical bonds at interfaces and predict their corresponding electronic structures. These results show how vertical heterostructured 2D nanoscale systems can be formed beyond the simple assembly of preformed layered materials and provide indications about how different 2D components and their interfacial coupling mode could influence the overall property of the heterostructures.
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ABSTRACT: We demonstrate the formation of ionic metal chloride (CuCl) two-dimensional (2D) nanocrystals epitaxially templated on the surface of monolayer molybdenum disulfide (MoS 2 ). These 2D CuCl nanocrystals are single atomic planes from a nonlayered bulk CuCl structure. They are stabilized as a 2D monolayer on the surface of the MoS 2 through interactions with the uniform periodic surface of the MoS 2 . The heterostructure 2D system is studied at the atomic level using aberration-corrected transmission electron microscopy at 80 kV. Dynamics of discrete rotations of the CuCl nanocrystals are observed, maintaining two types of preferential alignments to the MoS 2 lattice, confirming that the strong interlayer interactions drive the stable CuCl structure. Strain maps are produced from displacement maps and used to track real-time variations of local atomic bonding and defect production. Density functional theory calculations interpret the formation of two types of energetically advantageous commensurate superlattices via strong chemical bonds at interfaces and predict their corresponding electronic structures. These results show how vertical heterostructured 2D nanoscale systems can be formed beyond the simple assembly of preformed layered materials and provide indications about how different 2D components and their interfacial coupling mode could influence the overall property of the heterostructures. KEYWORDS: MoS 2 , 2D crystal, metal chloride, vertical heterostructure, AC-TEM, epitaxy T he successful isolation of individual graphene layers sparked a surge in the exploration of other 2D crystals, such as hexagonal boron nitride (h-BN) and transition metal dichalcogenides (MoS 2 , WS 2 , etc.). 1−5 With the enrichment of various kinds of 2D materials, interest has been extended to the artificial assembly of different atomically thin layers to form van der Waals heterostructures. 6 To date, typical vertical layered heterostructures (VLHs), including graphene/ h-BN, 7, 8 MoS 2 /graphene, 9−11 MoS 2 /h-BN, 12, 13 and MoS 2 / WS 2 , 14−16 have been fabricated through either sequential mechanical transfer or direct growth using chemical vapor deposition (CVD). The 2D building blocks are generally layered atomic crystals in bulk form with strong covalent bonds in-plane and weak interlayer van der Waals interactions, which facilitates the isolation into monolayer films and then the vertical stacking into hybrid 2D heterostructures. The interlayer interactions in VLHs depend not only on the two materials but also on the relative orientation of the lattice directions in each layer. Lattice alignment between neighboring 2D crystals forms heteroepitaxial bilayers with surface reconstruction, interfacial charge transfer, and proximity effects such as Coulomb interactions and quantum tunneling. 17−22 Yang et al. showed the epitaxial growth of single-domain graphene on h-BN using a plasma-assisted deposition approach, which induced a second Dirac point to appear. 17 Gong et al. reported the synthesis of epitaxially stacked WS 2 /MoS 2 heterostructures by a vapor phase growth at high temperature (∼850°C), which generated a strong interlayer exciton transition due to the type-II band alignment. 14 The ability to extend vertical heterostructures by using materials that are not typically layered systems would further expand the variety of options for material choice and ultimately control over the desired properties. Recent research using aberration-corrected (scanning) transmission electron microscopy (AC-(S)TEM) has shown that a 2D material template can help the stabilization and crystallization of nonlayered materials into a 2D form. Chen et al. showed the epitaxial growth of 2D crystalline gold nanocrystals on graphene at elevated temperatures. 23 Al Balushi et al. reported the growth of 2D gallium nitride (GaN) on the bulk 6H-SiC substrate with the help of graphene encapsulation. 24 However, the achievement of 2D nonlayered materials is still lacking with limited understanding about the interfacial interactions between the 2D layered and nonlayered material. In addition, they commonly adopt a similar crystal symmetry in the stacking plane, making it little known whether nonlayered materials having a different lattice symmetry from the layered template can also be stabilized in a 2D form. Recently, 2D suspended Fe within graphene nanopores and 2D layered ZnO nanocrystals on graphene have been produced. 25, 26 Moreover, expanding the underlying 2D template beyond graphene, such as using monolayer transition metal dichalcogenides, is highly desirable, which would provide opportunities to create exotic mixed 2D hybrid semiconductor systems with distinct fundamental physics.
Metal chlorides offer a wide range of compounds and have been frequently used to dope graphene in the form of FeCl 2 to lower its sheet resistance for electronic applications, indicating strong interactions with the hexagonal 2D lattice structure. However, semiconducting metal chlorides are more promising for VLHs with monolayer TMDs due to possibility of forming heterostructures with distinct excitonic states. CuCl is a I−VII compound with ionic character and adopts a wide direct band gap, similar in energy to GaN and ZnO. The cubic zinc blende structure is the most thermodynamically preferable and commonly seen form with a wide direct band gap of 3.4 eV 27 and a large exciton binding energy (190 meV for the Z 3 exciton) (Supporting Information Figure S1 ). 28 It comprises two interpenetrating face-centered cubic (fcc) unit cells occupied by Cu and Cl, which can be seen as a binary diamond crystal structure. For a CuCl crystal, which is in oneunit-cell thickness, it possesses only four atomic layers with each atomic column having only one atom, either Cu or Cl, from the view along [001] direction (note that atoms sitting at the top and bottom faces of the unit cell can only be considered as half an atom because they need to be shared with neighbors). It also has a large dipole moment, because Cu and Cl atoms with opposite charges are arranged in different atomic layers stacked alternatively. Since 2D CuCl and monolayer MoS 2 are seen as the analogue of diamond and graphene, respectively, fabricating 2D CuCl on monolayer MoS 2 will realize the achievement of "diamond-graphene-like" 2D vertical heterostructures, in which two 2D building blocks possess distinct and typical crystal symmetries. The generation of this vertical heterostructure will provide fundamental knowledge to help expand the library of 2D materials further and understand the evolution of the overall properties after coupling different 2D blocks together.
Here, we show that monolayer 2D CuCl nanocrystals can easily form on the surface of monolayer MoS 2 . The CuCl phase observed is a bulk 3D material, not a layered system, and its formation into a monolayer sheet is driven by the underlying epitaxial interactions with the MoS 2 . These CuCl 2D crystals are formed in situ within an AC-TEM, by electron beam decomposition of solution-deposited CuCl 2 precursor material that resides on the surface of MoS 2 . Two preferred epitaxial orientations of 2D CuCl on monolayer MoS 2 have been observed with density functional theory (DFT)-relaxed models showing the detailed coupling mode at the interface. We image the atomic positions of the CuCl atoms within the nanocrystals to accurately determine the crystal structure and also track the real-time dynamics of CuCl nanocrystals as they undergo phase changes and rotations, providing insights into the epitaxial correlations to the underlying MoS 2 lattice. The 2D displacement and strain maps are generated to quantitatively investigate the lattice distortion in 2D CuCl nanocrystals. The electronic structure of two types of heteroepitaxial structures of CuCl/ MoS 2 are provided by DFT calculations, indicating that both electronic and spintronic properties may be substantially affected by the orbital hybridization via chemical bonding and intrinsic dipole moment in CuCl nanocrystals.
RESULTS AND DISCUSSION
Monolayer MoS 2 was synthesized by chemical vapor deposition (CVD) method similar to previous work and transferred to Si 3 N 4 TEM grids with 2 μm holes ( Figure 1a) . 28 Both the lowmagnification and high-resolution TEM images confirm the clean MoS 2 surface with only small regions covered by typical amorphous carbon residue ( Figure 1c) . The AC-TEM image in Figure 1d shows the hexagonal lattice structure of pristine monolayer Figure 2a shows the AC-TEM image of 2D cubic zinc blende CuCl on MoS 2 in a "type-I" heteroepitaxial orientation that results in a specific moirépattern. The 2D fast Fourier transform (FFT) of Figure 2a shows four sets of spots: two sets which are in hexagonal pattern can be assigned to {100} and {110} of monolayer MoS 2 , representing zigzag and armchair directions, respectively, whereas the other two sets which are in the squared pattern belong to {200} and {220} of 2D CuCl. According to the CuCl lattice configuration, {220} of CuCl ({220} CuCl ) adopts two different crystal directions, which are perpendicular to each other (orange dashed lines in Supporting Information Figure S1c ). One crystal direction of {220} CuCl is aligned with one armchair direction of MoS 2 , whereas the other lattice plane orientation of {220} CuCl is parallel to one zigzag direction of MoS 2 , as indicated by two semitransparent white columns in Figure 2b . This crystallographic relationship between heteroepitaxial 2D CuCl and the template monolayer MoS 2 can be defined as (001) CuCl (Figure 2c ). The 2D CuCl has a squared lattice periodicity from the projective view with dark and bright spots arranged alternatively, indicating its thickness to be the integral multiples of four atomic layers, equaling to one-unit-cell thickness of the bulk CuCl crystal (Supporting Information Figure S10 ). The interplanar spacings of {200} CuCl and {220} CuCl are measured to be ∼0.27 and ∼0.19 nm, respectively, which is consistent with that for bulk CuCl (Supporting Information Figure S1e) . The d-spacing of {200} CuCl has a good match with that of {100} MoS 2 , which may contribute to the formation and stability of this heteroepitaxial structure. Figure 2d shows the absolute location for each Cu and Cl atom from 2D CuCl on the monolayer MoS 2 lattice in real space, which confirms the crystal plane alignment relation based on the 2D FFT in Figure Since the interplanar spacings of {200} CuCl and {100} MoS 2 are very close, two reflexes covered by line "1", which correspond to the crystal planes from {200} CuCl and {100} MoS 2 , respectively, overlap with each other. According to the geometric relations between the cubic CuCl and hexagonal MoS 2 lattice, the smallest intersection angle between two crystal faces from {220} CuCl and {110} MoS 2 is 15°in the type-II heteroepitaxy, as marked by the angle θ between two pink arrows in Figure 3b . Figure 3c is another typical example of type-II heteroepitaxy but is captured at a different defocus. This results in the low visibility of reflexes corresponding to {200} CuCl (Figure 3d ). However, we are still able to determine the stacking orientation between CuCl and MoS 2 by measuring θ and confirm this epitaxial mode to be also type-II. The 2D CuCl crystal is individually shown in Figure 3e after the signal contribution from the MoS 2 lattice is removed. The atom contrast between two neighboring atomic positions is more uniform compared with that in Figure 2c , without a distinct light and dark alternation in brightness. This may arise from a different defocus value for the 2D CuCl lattice under this imaging condition, which also results in a decreased intensity of {200} CuCl reflexes in 2D FFT (Figure 3d and Supporting Information Figure S11 ). The interplanar spacing for {220} CuCl is measured to be ∼0.20 nm by using reflexes from monolayer MoS 2 in 2D FFT as the reference. Therefore, we can deduce the d-spacing of {200} CuCl to be approximately 0.28 nm based on the CuCl crystal structure. The lattice parameters for 2D CuCl in type-I and type-II heteroepitaxial modes show a good consistency with each other with a small error, which could derive from either measurements or tiny TEM image distortion. An obvious increase on the structural disorder, revealed as the lattice distortion marked by a red strip in Figure 3e , can be observed in the 2D CuCl crystal. Such loss of structural coherence will be quantitatively analyzed by generating 2D strain maps in Figure 6 . The positions of each atom from 2D CuCl on monolayer MoS 2 are shown in Figure 3f , demonstrating the crystal direction alignment between two perpendicular orientations from {200} CuCl and the MoS 2 zigzag and armchair directions, as highlighted by two purple lines. The atomic model is generated in Figure 3g from the view angle along the yellow arrow in Figure 3c . The corresponding multislice TEM simulation (Figure 3h ) exhibits the same "leaflike" moirépattern as the experimental image (Figure 3c ). The intensity line profiles between the pristine monolayer MoS 2 and the typical epitaxial region for both the experimental image and the simulations confirms the four-atom thickness of the 2D CuCl crystal in this example, which is consistent with type-I CuCl/MoS 2 heterostructures.
DFT calculations were conducted to achieve the relaxed atomic model of CuCl/MoS 2 heterostructures in type-I and type-II epitaxy (Figure 4) . The monolayer MoS 2 and the fouratom-thick CuCl layer are mainly coupled via the strong Cu−S chemical bonding rather than weak van der Waals interactions due to a high reactivity of unsaturated Cu atoms at the interface. This indicates that there exists a strict requirement about the position matching between Cu and S atoms in 2D CuCl/MoS 2 to enable a periodic bonding pattern for the establishment of the commensurate superlattice. This is different to previously studied 2D van der Waals heterostructures, which have a high tolerance on the lattice mismatch at the interface. Since monolayer MoS 2 has higher rigidity than 2D CuCl, it triggers a substantial lattice distortion in CuCl with MoS 2 barely perturbed. It is found that the 2D CuCl can adopt several equivalent or energetically similar structures at such a symmetric interface, and the energy barrier for the structure transition from one to another is low. Given the intrinsic flexibility of 2D CuCl and the energy injected by the electron beam, the atomic configuration of 2D CuCl may oscillate between different configurations during AC-TEM imaging. Therefore, the periodic square lattice in the projective view we observed in a AC-TEM image integrated over a single exposure (1−2 s) may be a time-averaged structure of 2D CuCl. This phenomenon also occurred in the TEM observation of the monovacancy in graphene. 29 We averaged over two DFTrelaxed equivalent structures with opposite in-plane polarized directions for type-I and type-II heteroepitaxy, respectively, and obtained the final averaged atomic configurations (Figure 4a,d and Supporting Information Figure S12 ) with their corresponding 3D perspective views (Figure 4c,f) . After the bottom monolayer MoS 2 was removed, the separate 2D CuCl structure could be seen (Figure 4b,e) , which preserves the square lattice geometry in the projective view well, consistent with the experimental observations, with slight in-plane distortion and a minor change on the lateral lattice spacing. The lattice deformation predominantly occurs in the direction perpendicular to the 2D membrane, as depicted by the side-view comparison between DFT-relaxed and unrelaxed CuCl atomic models in Figure 4b ,e. The intensity line profiles between experimental AC-TEM images and image simulations based on corresponding averaged DFT-relaxed type-I and type-II heteroepitaxy models agree well with each other, indicating the validity of our deduction on the lattice configuration (Supporting Information Figures S13 and S14 ). Despite the distinct stacking patterns and lattice mismatches (Supporting Information Table S1 ), DFT calculations show that these two types of CuCl/MoS 2 interfaces have similar binding energies (type I, 0.47 eV; type II, 0.43 eV per unit of CuCl), which supports the hypothesis that the coupling between materials is primarily through chemical bonding rather than van der Waals forces. In addition, the interface structure is extremely sensitive to the choice of the supercell. Even a small deviation from the ideal situation leads to a significant amount of Cu−Cl bonds breaking and the ruin of the squared projective lattice structure (Supporting Information Figure S15 ). This further implies that the formation of an ordered cubic hexagonal interface relies on stringent material matching.
The stacking orientation distribution of 2D cubic CuCl on monolayer MoS 2 was investigated by analyzing the 2D FFT of more than 90 different AC-TEM frames (Figure 5a ). As the schematic illustration of a typical 2D FFT of one CuCl/MoS 2 TEM image shown on the top panel of Figure 5a , we use the smallest intersection angle (θ) between one crystal direction of {220} CuCl and its closest one MoS 2 armchair direction to describe the stacking orientation between two films. Based on the symmetry relation between cubic CuCl and hexagonal MoS 2 crystals, two types of heteroepitaxial modes can transform to each other by rotating 15°(Supporting Information Figure S16 ). Therefore, type-I heteroepitaxy corresponds to θ = 0°, whereas type-II heteroepitaxy corresponds to θ = 15°. All the other stacking modes can be expressed by θ between 0 and 15°. By tracking one CuCl crystal from its birth to death, we found that it can rotate under the electron beam irradiation (Figure 5b ) with approximately 50% of its lifetime adopting either type-I (0°≤ θ ≤ 1°) or type-II (14°≤ θ ≤ 15°) stacking orientations with respect to the MoS 2 template. This agrees with the statistical results in Figure  5a , where type-I and type-II heteroepitaxy yield a percentage of 18 and 30%, respectively, indicating an energetic preference for the crystal alignment strategy of these two epitaxial modes. Such epitaxial tendency between 2D CuCl and monolayer MoS 2 disappeared as CuCl nanocrystals became thicker, which might be induced by the reduced interfacial interactions of the template monolayer MoS 2 to the above CuCl (Supporting Information Figure S17 ). The blue curve in Figure 5b shows the area changes of the same 2D CuCl nanocrystal as a function of the observation time under the electron beam, which reveals the formation dynamics and the stability of this ultrathin metal chloride nanocrystal. The formation of 2D CuCl starts from a small nucleation under the electron beam illumination and then increases its area steadily followed by a level-off, which finally ends up with a sharp degradation. The lifespan of this CuCl under the electron beam illumination is more than 6 min, indicating a relatively high stability of this 2D metal chloride nanocrystal templated on monolayer MoS 2 (Supporting Information Figure S20 ). Four AC-TEM images showing this 2D CuCl crystal at different stages are exhibited in Figure 5c −f.
As depicted in Figure 3e , we observed an obvious structural disorder for 2D cubic zinc blende CuCl nanocrystals compared with the intrinsic atomic model for its bulk counterparts. This increased structural incoherence is quantitatively studied by calculating the 2D strain field in the CuCl lattice. . It shows that the lattice periodicity of these ultrathin CuCl nanocrystals decreases with an increased level of random distortion in the lattice and a broader distribution of bond length, as indicated by the 2D normal and shear strain maps in Figure 6 . Such an increase of the structural disorder matches well with the DFT-calculated atomic models for 2D CuCl in both two types of heteroepitaxy (Figure 4b,e) . The lattice irregularity could be triggered by the monolayer MoS 2 template, which adopts a different crystal symmetry compared with the 2D cubic zinc blende CuCl nanocrystal. In addition, the high flexibility of ultrathin CuCl membrane and the strong chemical bonding at the CuCl/MoS 2 interface may further promote the structural disorder in 2D CuCl nanocrystals. It was also found that atoms close to edges and corners of 2D CuCl sometimes suffer higher strains compared with the body region (black dashed boxes in Figure 6f−h Figure 6k) , which might be due to diverse unsatisfied bonding environments at edges and corners and can drive an increased inhomogeneous internal strain.
DFT+U method was employed to qualitatively explore the electronic properties of the two types of favorable MoS 2 /CuCl heterostructures identified by experiments. Whereas the bulk MoS 2 and CuCl crystals have indirect and direct band gaps, respectively, the inhomogeneous quantum confinement effects in momentum space turn their monolayer counterparts to be direct and indirect band gap material. As expected from their different symmetry groups, the isolated MoS 2 and CuCl monolayers exhibit distinct dispersion relationships with the band edges located at the K and Γ/Y points (Figure 7a,b) , implying that the assistance of phonons is required for the charge transfer between these two domains. In contrast to the type-II interface speculated from the energy levels of individual components, the projected density of states (PDOS) of the combined MoS 2 /CuCl systems suggest a type-III alignment with metallic behaviors (Figure 7g ). This can be explained by the noticeable shifts of MoS 2 energy levels in the presence of a large dipole moment embedded in the adjacent CuCl crystal, as well as the emergence of additional midgap states originating from the strong orbital hybridization between chemically connected sheets. The consequential internal charge transfer from CuCl to MoS 2 in combination with the potential gradient modify the occupations of d-orbitals and lead to the splitting between spin-up and spin-down states (Figure 7c,d) . Due to the ionic nature and flexibility of CuCl crystals, the wave functions remain delocalized over the entire sheets, even though there exist noticeable distortions at the interface ( Figure  7e ,f and Supporting Information Figure S18 ). From the similar PDOS obtained at the two types of interfaces, both energy level alignment and ground-state charge distribution are insensitive to the stacking pattern. However, the dynamic processes such as charge hopping, optical excitation, and exciton dissociation may intensively rely on the crystalline alignment because electron couplings between the two sheets are sensitive to the wave function overlap at the interface, and the tunneling probabilities depend on the alignment in momentum space.
CONCLUSION
In summary, we showed that 2D ionic CuCl crystals adopt a nonlayered cubic zinc blende crystal configuration on the surface of the MoS 2 monolayers with strong epitaxial correlations between the lattice directions of the two crystals. The generation of 2D CuCl was achieved by simply depositing the CuCl 2 solution onto MoS 2 followed by a proper dose of electron beam irradiation to initiate precursor decomposition and subsequent in situ reactivity. The 2D strain maps on the CuCl membrane show a decrease of lattice periodicity as the bulk CuCl is thinned into a 2D form and templated on the substrate with different symmetry. DFT simulations explained the formation of commensurate superlattices via bonding pattern matching and revealed the distinct electronic structures of the MoS 2 /CuCl heterostructures compared to their components. These studies provide insights into the generation of more 2D heterostructures with a broader material choice and show how 2D transition metal dichalcogenides perform as a template to stabilize the nonlayered ionic crystal membrane on top through interfacial interactions.
METHODS
Synthesis and Transfer of MoS 2 Monolayers. Monolayer MoS 2 was grown directly on the SiO 2 /Si (300 nm thick SiO 2 ) substrate by a hydrogen-free chemical vapor deposition method under atmospheric pressure, which is similar to that in previously reported work. 12, 30 Molybdenum trioxide (MoO 3 , ≥99.5%, Sigma-Aldrich) and sulfur (S, ≥99.5%, Sigma-Aldrich) powder were used as precursors. We loaded MoO 3 powder into a smaller diameter tube (∼1 cm) and placed S powder in the outer 1 in. quartz tube, as this will avoid the crosscontamination between two precursors at high temperature. Two furnaces were applied to provide independent temperature control for both precursors and the substrate. S powder and the substrate were put in the center of the first and second furnace, while MoO 3 powder was positioned at the upstream of the second furnace. The whole growth system was first flushed by the argon gas using a high flow rate for 40 min followed by preintroducing S vapor for ∼15 min to create a sulfur-sufficient atmosphere. After that, the temperature for the second furnace started to increase to ∼800°C at a ramping rate of 40°C/min and was maintained for 15 min under 150 sccm argon flow. The argon flow rate was then reduced to 10 sccm and kept for 25 min before the growth stopped, followed by a fast cooling process. The temperature for S was retained at ∼180°C during the whole synthesis period.
A thin film of poly(methyl methacrylate) (PMMA) was spin-coated onto the surface of the MoS 2 /SiO 2 /Si substrate. The underlying SiO 2 was etched away by floating it on the 1 mol/L potassium hydroxide solution. After it peeled off, the PMMA/MoS 2 membrane was transferred into the deionized water for three times to wash off residual contamination from the etchant. The film was subsequently scooped up by a quantifoil TEM grid (Agar Scientific AGS175-3). Once left to dry in the air for overnight, the sample was baked on a hot plate at 150°C for 15 min to ensure a strong interfacial attachment between MoS 2 monolayers and the quantifoil membrane. Finally, the TEM grid was submerged in acetone for 8 h to remove the PMMA scaffold.
Transmission Electron Microscopy and Image Processing. The AC-TEM was conducted using Oxford's JEOL JEM-2200MCO field emission gun TEM with a CEOS imaging aberration corrector under a low accelerating voltage of 80 kV. AC-TEM images were captured using a Gatan Ultrascan 4k × 4k CCD camera with 1−2 s acquisition time and 2 pixel binning under the electron dose of ∼10 5 e − /nm 2 . The pixel resolution for high-magnification AC-TEM images is 145 pixels/nm. ImageJ software was applied to process AC-TEM images. Images were initially adjusted with a band-pass filter (between 100 and 1 pixel) to modify the long-range nonuniformity on the illumination intensity and then smoothed by applying a Gaussian blur (2−4 pixels). Atomic models were generated using the Accelrys Discovery Studio Visualizer software. Simulated multislice images based on corresponding atomic models were established via JEMS software with a proper parameter adjustment according to the TEM experimental condition. The reconstructed AC-TEM images shown in Figure 2d are constructed by first applying a mask to 2D FFT in Figure  2b to only choose the lattice contribution from MoS 2 and obtaining the reconstructed AC-TEM image. Second, we overlap Figure 2c , which only includes a 2D CuCl lattice, onto this reconstructed AC-TEM having only MoS 2 lattice structure and use red and green circles to label Cu and Cl atomic positions in Figure 2c . Third, we remove Figure 2c to get the image in Figure 2d , where the position of each atom in the 2D CuCl crystal with respect to the MoS 2 substrate is clearly revealed. Figure 3f is obtained using the same method. For the line profile in Figure 2i , the intensity at the pristine and heteroepitaxial regions are measured along semitransparent yellow and cyan lines in experimental and simulated TEM images, respectively. The atomic column marked as "A" in Figure 2a ,f corresponds to the lattice structure where the Cu atom from CuCl almost fully overlaps with a double S atoms of monolayer MoS 2 , which is confirmed by the analysis in Figure 2d and the atomic model in Figure 2e . It is chosen as a starting point for the intensity measurement in the heteroepitaxial area because the lattice stacking pattern between CuCl and monolayer MoS 2 around this point has a good correspondence between AC-TEM image and the image simulation. Therefore, only the thickness of 2D CuCl influences the match of intensity line profiles between the experimental and simulated image. In Figure 3i , a similar approach is used, where two reference points, B and C, are selected.
Two-Dimensional Displacement and Strain Maps. The generation of 2D strain maps in Figure 5 is realized by using a similar real space analysis method as previously reported work. 31−34 It is based on the generation of 2D displacement maps. We first identified the precise positions of atoms in the 2D CuCl based on the reconstructed AC-TEM images in Figure 6e ,j and then subtracted them from their expected locations in a regular and periodic 2D CuCl lattice. The interplanar spacing of this regular and periodic lattice is set to be the average interplanar spacing of the 2D CuCl nanocrystal in Figure 6e ,j, respectively, confirmed by the 2D FFT of corresponding AC-TEM images. After getting the displacement maps of 2D CuCl crystals, we can resolve the 2D local lattice strain by first doing the scattered interpolant on the displacement map with a proper step size and then calculating the displacement value difference divided by their location variations along certain directions between each two interpolated spots to form 2D gradient maps of ∂Ux/∂x, ∂Uy/∂y, ∂Ux/∂y, and ∂Uy/∂x. These strain maps could not only show the general lattice distortion but also reveal the level of the structural regularity at different locations in a single 2D CuCl nanocrystal formed on monolayer MoS 2 , such as comparing the variations on the bond length or the lattice shear between atomic sites in the crystal center and close to edges.
Density Functional Theory Calculation. Standard ab initio calculations within the framework of density functional theory were performed to investigate the microscopic structures and electronic properties of MoS 2 /CuCl heterostructures, using the Vienna Ab Initio Simulation Package (VASP v5.4). 35 Plane-wave and projectoraugmented wave-type pseudopotentials 36 were used, with GGA-PBE exchange-correlation functional 37 and a 400 eV kinetic-energy cutoff. The DFT-D3 method of Grimme 38 was employed to take the van der Waals interactions into account, with the cutoff radius for pair interactions set to 50 Å. Dipole correction 39 was included to correct the leading errors caused by the large dipole moment in a finite periodic simulation box. A 15 Å vacuum was constructed to avoid fake interactions between periodic images. The structures were relaxed until all forces were smaller than 0.02 eV/Å. For both favorable alignment types identified by experiments, a range of supercells with relatively small lattice mismatches were tested, and the candidates with the highest regularities (type I, MoS 2 -3 × 5, CuCl-4 × 4, 154 atoms; type II, MoS 2 -1 × 7, CuCl-1 × 4, 74 atoms) were selected as representatives to explore the electronic properties. The average structures of the nearly degenerate representatives induced by symmetry were used for TEM image simulations. The electronic structures were computed with Monkhorst−Pack k-point grids 40 of 9 × 9 × 1 and 21 × 6 × 1 for the two types of heterostructures, respectively. DFT+U method was employed to enhance the electronic correlation, 41 with U = 8 eV and J = 0.95 eV applied to the Cu dorbitals to correct the energy level of Cu-d band. 42 We note that given the incapability of DFT to account for many-body effects, the results should be interpreted qualitatively for revealing the impact of heterostructure on electronic properties.
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